Spectrin is an important structural component of the plasma membrane skeleton. Heretoforeunidentified isoforms of spectrin also associate with Golgi and other organelles. We have discovered another member of the ␤-spectrin gene family by homology searches of the GenBank databases and by 5 rapid amplification of cDNA ends of human brain cDNAs. Collectively, 7,938 nucleotides of contiguous clones are predicted to encode a 271,294-Da protein, called ␤III spectrin, with conserved actin-, protein 4.1-, and ankyrin-binding domains, membrane association domains 1 and 2, a spectrin dimer self-association site, and a pleckstrinhomology domain. ␤III spectrin transcripts are concentrated in the brain and present in the kidneys, liver, and testes and the prostate, pituitary, adrenal, and salivary glands. All of the tested tissues contain major 9.0-kb and minor 11.3-kb transcripts. The human ␤III spectrin gene (SPTBN2) maps to chromosome 11q13 and the mouse gene (Spnb3) maps to a syntenic region close to the centromere on chromosome 19. Indirect immunof luorescence studies of cultured cells using antisera specific to human ␤III spectrin reveal a Golgiassociated and punctate cytoplasmic vesicle-like distribution, suggesting that ␤III spectrin associates with intracellular organelles. This distribution overlaps that of several Golgi and vesicle markers, including mannosidase II, p58, transGolgi network (TGN)38, and ␤-COP and is distinct from the endoplasmic reticulum markers calnexin and Bip. Liver Golgi membranes and other vesicular compartment markers cosediment in vitro with ␤III spectrin. ␤III spectrin thus constitutes a major component of the Golgi and vesicular membrane skeletons.
Spectrin is an essential component of the cellular membrane skeleton. First characterized in erythrocytes (1), spectrin maintains the structural integrity of the red blood cell membrane and is defective in several inherited hemolytic anemias (2) . Isoforms of spectrin probably are present in all cells, where they help to establish and maintain an organized distribution of membrane proteins (3) . Recently, spectrin homologues and their binding partners have been identified in association with several intracellular organelles and have been found to participate in membrane protein sorting and organelle transport (4) (5) (6) (7) (8) (9) (10) (11) . However, the precise identity of the Golgi-and vesicleassociated spectrin (or spectrins) has remained elusive. In humans and mice, four spectrin genes, encoding the ␣I-, ␣II-, ␤I-, and ␤II-spectrin subunits, have been identified (12) , yet exhaustive PCR analysis has failed to identify any ␤I-or ␤II-spectrin gene products as the Golgi-associated spectrin (unpublished observations). We therefore searched the GenBank expressed sequence tags (EST) database for cDNAs related, but not identical, to known ␤ spectrins, and based on candidates identified by that search have completed the cloning and identification of a ␤III spectrin that fulfills the criteria of a Golgi-and vesicle-associated protein. † †
METHODS
DNA and RNA Analyses. GenBank database searches and nucleotide sequence analysis were performed by using the National Center for Biotechnology Information BLAST programs and the Genetics Computer Group (Madison, WI) Sequence Analysis Software Package (13) . IMAGE consortium cDNA clones were obtained from Genome Systems (St. Louis) or the American Type Culture Collection. A clone representing EST clone KIAA0302 (GenBank accession no. AB002300; ref. 14) was kindly provided by O. Ohara (Kazusa DNA Research Institute, Chiba, Japan). Nucleotide sequencing used the dideoxy terminator method with AmpliTaq FS polymerase (Applied Biosystems) and a model 373 automated DNA sequencer (Applied Biosystems) in a stretch configuration. Analysis of gene expression utilized the Human RNA Master Blot and Multiple Tissue Northern blot (CLONTECH) according to manufacturer's instructions. Identification of the 5Ј end of the ␤III spectrin clone by a 5Ј rapid amplification of cDNA ends (RACE) reaction followed CLONTECH's user manual for Marathon Ready cDNA using the antisense primer (5Ј-GTCCCAGTCCGAGTCAGGAAG-3Ј), human fetal brain adapter-ligated cDNA, the Marathon Adapter primer (AP-1), and Advantage KlenTaq Polymerase mix containing polymerases suitable for long-distance PCR (CLONTECH). Further amplification used nested primer pairs with the RACE products, which were then inserted into the TA cloning vector (Invitrogen). Four such clones were isolated and sequenced. All other procedures involving DNA followed standard methods (15) . Chromosome Localization. Chromosome localization utilized the Stanford G3 radiation hybrid panel (Research Genetics, Huntsville, AL; ref. 16 ). Hybrid clones were assayed for the presence of the human ␤III spectrin gene by using PCR. Using the primers 5Ј-TGCGCTGGAGAAGCTTACTG-3Ј and 5Ј-TGGTGTCAGAAGCTGTCTGG-3Ј, a 149-bp product was generated when the ␤III spectrin gene was present. Data were analyzed by the Stanford Human Genome Center Radiation Hybrid (RH) Server at http:͞͞shgc-www.stanford.edu (16) . The ␤III gene in mice was localized using the Jackson Laboratory BSS-interspecific [(C57BL͞6JEi ϫ SPRET͞Ei)F 1 females ϫ SPRET͞Ei males] backcross panel (17) , human clone 42742, and mouse clone 479050. These probes detect a KpnI restriction fragment-length polymorphism corresponding to a hybridizing band of 6.0 kb in C57BL͞6JEi and 6.5 kb in SPRET͞Ei. The segregation pattern of the restriction fragment-length polymorphism in progeny of the cross was used to determine the map location of the gene.
Antibody Preparation and Immunologic
Procedures. An anti-peptide antiserum to ␤III spectrin (Spb3C2) was produced by immunizing rabbits with a keyhole limpet hemocyanin-conjugated synthetic peptide (Research Genetics, Huntsville, AL). The peptide sequence was EGPGPGSGDEANG-PRGER, corresponding to codons 2165-2182 of ␤III spectrin, a region adjacent to the pleckstrin homology domain (PH) that shares little homology to other spectrins (Fig. 1B) . A second rabbit antibody (PAb R-␤III [7] [8] [9] [10] [11] ) was generated to a glutathione S-transferase (GST)-␤III spectrin fusion protein representing repeat units 7-11 (codons 1019-1464), prepared as before (4, 18) . mAbs used were to ␤-COP and p58 (Sigma), TGN38 (Affinity BioReagents, Golden CO), and mannosidase II (ManII) (Babco, Richmond, CA). Polyclonal antibody (PAb) jasmin against Ank G119 has been described (4). mAb to calnexin was a gift from A. Helenius (Yale University); antibody to Bip was obtained from StressGen Biotechnologies, Victoria, Canada. HeLa, NRK, and MDCK cells were grown to subconfluent density in Eagle's or Dulbecco's minimal essential medium with 10% fetal calf serum (Biocell Laboratories) on Falcon tissue-culture chamber slides. Cells were washed with PBS (pH 7.4), fixed with 2-4% paraformaldehyde, permeabilized with 0.1% Triton-X100 or saponin in PBS, and incubated with specific antisera diluted 1:200 (Spb3C2) or 1:10,000 (PAb R-␤III [7] [8] [9] [10] [11] ) in PBS with 2-3% BSA (fraction V; Sigma). In double-immunofluorescence studies, the incubation also included other specific antibodies diluted 1:100 or more. The cells were then washed with PBS and incubated with 1:1,000 Cy3-conjugated goat anti-rabbit antibody and 1:500 fluorescein isothiocyanate-or Cy2-conjugated goat anti-mouse antibody (Jackson ImmunoResearch). Fluorescence microscopy of the cells was done with a Nikon Microphot-FXA microscope or an Olympus IX70 dual-laser scanning confocal microscope. Western blotting of whole-cell lysates or of RIPA buffer extracts (50 mM Tris⅐HCl, pH 7.5͞150 mM NaCl͞1% Nonidet P-40͞0.5% deoxycholate) after SDS͞PAGE was as described (4) .
Isolation of Golgi Fractions from Rat Liver. Diced fresh livers (100 g) from 16-hr-fasted adult male Sprague-Dawley rats were Polytron-homogenized at 4°C in 210 ml of homogenization buffer (10 mM Tris, pH 7.4͞0.5 M sucrose͞5 mM EDTA) and fractionated after low-speed centrifugation (756 ϫ g, 10 min) by floatation through a discontinuous 1.2-0.5 M sucrose gradient, as published (19) . Golgi-rich fractions were verified by the presence of ManII activity as measured by Western blotting and colorimetry at 410 nm (20) .
RESULTS
Identification of ␤III Spectrin. We searched the GenBank EST database for cDNAs related to known ␤ spectrins. Nucleotide sequences of human ␤I⌺1 spectrin (21), ␤I⌺2 spectrin (22) , and ␤II spectrin (23) were used as query sequences. Five ESTs were initially identified that satisfied the screening criteria. They correspond to IMAGE Consortium clones 141000 (GenBank accession no. AA339388), 184038 (GenBank accession no. H30688), 177241 (GenBank accession no. H41849), 179522 (GenBank accession no. H51456), and 42742 (GenBank accession no. R61787). Nucleotide sequencing showed that the five clones overlap and encode portions of the same cDNA. All five clones contain a poly(A) tail. Clone 141000, the furthest 5Ј clone, encompasses the other four clones and extends 2,099 bp to the poly(A) tail. Clones 42742, 184038, and 141000 were fully sequenced and are identical, with three exceptions: (i) a 293-bp insertion in clone 184038 after bp 530, (ii) a C 3 T polymorphism in clone 184038 at bp 1589, and (iii) variations in the sequence preceding the polyadenylation sequence (. . . TTCTC in 184038, . . . TTCTCTC in 141000, and . . . TTCTCTCAC in 42742). The insert in clone 184038 is bounded by consensus splice sequences, contains numerous stop codons, and appears to be a retained intron. Subsequent to these analyses, clone KIAA0302 (GenBank accession no. AB002300) appeared in the database. The 3Ј portions of this clone overlapped our previously identified clones and extended these sequences nearly 5 kb upstream. The published sequence of clone KIAA0302, however, contains an extra G after bp 1032 (numbering according to clone 141000), which is predicted to cause a frameshift that disrupts the PH and leads to a new 44-aa C-terminal sequence. Sequencing of this clone (as obtained from O. Ohara) did not confirm the presence of the extra G, a fact verified by prokaryotic expression of this region of ␤III spectrin (data not shown). Using primers derived from clone KIAA0302, 5Ј RACE was carried out to complete the 5Ј sequence. Four clones were generated by this reaction; all of them displayed identical sequences downstream of a putative ATG start codon. The largest (␤III-Nterm, GenBank accession no. AF079569) extended 126 bp upstream of the ATG site. Although the reading frame remains open upstream of the ATG codon in this clone, it is likely that translation of ␤III spectrin is initiated at this codon because it is flanked by a perfect Kozak sequence and is homologous to the 5Ј sequences of ␤I and ␤II spectrin.
A contig reveals a cDNA with 7,938 nucleotides (or slightly more if the variations in 3Ј untranslated sequence are included; Fig. 1 A) . Its ORF predicts a 2,391-residue protein of 271,294 Da with a pI of 5.92. This protein is highly homologous to both ␤I⌺2 and ␤II⌺1 spectrins (Fig. 1B) and preserves several functional sites characteristic of ␤ spectrins, including the actin-binding domain (24) , the protein 4.1 binding site (25) , and MAD1 (18) . The middle portion of the protein contains 17 spectrin repeats, the same number found in other ␤ spectrins. The potential ankyrin-binding site in repeat 15 and the self-association site created by a partial 17th repeat (26) are also preserved. The latter feature suggests that ␤III spectrin may associate with an as-yet-unidentified ␣-subunit. The first part of MAD2 (18) is less conserved, but the PH (18, 28) is similar to that in spectrins ␤I⌺2 and ␤II⌺1. These homologies and distinctive features define this protein as another ␤ spectrin. In accordance with current practice (12), we name this protein ␤III spectrin (human gene symbol SPTBN2).
The nucleotide sequence of the human ␤III spectrin contig also was used to search the EST database for cDNAs that may represent the mouse homologue. Two nearly identical clones were identified: clones 479050 (GenBank accession no. AA048840) and 478354 (GenBank accession no. AA049581). We completely sequenced clone 479050. It corresponds to the last 15 amino acids of human ␤III spectrin (96% nucleotide identity) and the 3Ј untranslated region (80% identity).
␤III Spectrin Is Widely Expressed and Is Located Near ␣-Actinin 3 on Chromosome 11q13. Hybridizing ␤III spectrin clone 184038 to mRNAs from 50 adult and fetal human tissues spot-blotted onto a charge-modified nylon membrane reveals that ␤III spectrin is widely expressed, but at different levels ( Table 1) . It is concentrated in the brain (the source of all of the sequenced clones) and is moderately abundant in the kidneys, liver, and testes and the prostate, pituitary, adrenal, and salivary glands. This pattern of expression is broader than ␤I spectrin but similar to that of ␤II spectrin. Northern blots of both adult and fetal tissues reveal a major 9.0-kb transcript easily detected in the brain, kidney, pancreas, and liver, with lesser amounts in placenta and lung (Fig. 2) . Smaller amounts of an 11.3-kb mRNA were also present in most tissues. In kidneys, an additional 7.6-kb mRNA was noted.
Using the Stanford G3 radiation hybrid panel (16) and a primer pair located at the beginning of the low-homology region following the spectrin repeats (Fig. 1B) , tight linkage was found to the marker SHGC-33744 (lod score 9.66).
SHGC-33744 is flanked by D11S913 and the EST F02128
[pyruvate carboxylase (PC)] in the G3 panel database, both of which are located on chromosome 11q13 (Fig. 1C) . A 3-Mb contig of this region has recently been described that includes both markers (29) . The ordering of genetic markers in the contig is CEN-MLK 3-FR A1-SEA-HNP36 -D11S913-ACTN3-PC-GSTP1-qter. Given the size of yeast artificial chromosomes in the contig, PC and D11S913 appear less than 500 kb apart (http:͞͞www.genetics.wustl.edu͞gerhard͞3mb͞ 3mb.html). Thus, ␣-actinin 3 (ACTN3) and ␤III spectrin are near-neighbors in the chromosome. Similarly, the pattern of segregation of a KpnI restriction fragment length polymorphism in 94 progeny of the Jackson Laboratory BSS interspecific backcross panel (17) localized the mouse ␤III spectrin gene (Spnb3) to chromosome 19 (Fig. 1C) . Based on the consensus map in the mouse (http:͞͞www.informatics.jax.org), Spnb3 is positioned very close (0 cM) to the centromere, a region of the mouse genome that is homologous to human chromosome 11q13.
␤III Spectrin Associates with Golgi and Cytoplasmic Vesicles. Two antibodies (Spb3C2 and PAb R-␤III 7-11 ) were used to detect the cytoplasmic distribution of ␤III spectrin in MDCK, HeLa (not shown), and NRK cells (Fig. 3) . All of the cell lines and both antibodies gave comparable indirect immunof luorescence results, although only PAb R-␤III [7] [8] [9] [10] [11] worked well in Western blots. ␤III spectrin migrated at a molecular mass of Ϸ220 kDa despite a calculated mass of 271,294 (Fig. 3A) . In all cases, it was clearly resolved from ␤II spectrin (Ϸ235 kDa, calculated mass 274,658 Da), which migrated more slowly. Although PAb R-␤III 7-11 did not recognize ␤II spectrin on Western blots, it did crossreact weakly with ␤I spectrin in erythrocyte ghosts (not shown). The migration of ␤III spectrin in SDS͞PAGE analysis of MDCK and NRK cells was indistinguishable from the band at 220 kDa previously identified as Golgi spectrin with ␤I spectrin antibodies (4) (5) (6) 8) . Immunoreactive bands at 155 and 70 kDa were also occasionally evident in blots of MDCK and NRK cells. Their origin is undetermined, although their variable appearance suggests that they are ␤III proteolytic fragments rather than alternative gene products.
The distribution of ␤III spectrin by indirect immunofluorescence was striking for its punctate cytoplasmic and eccentric perinuclear distribution, a pattern reminiscent of that observed with ␤I spectrin-reactive antibodies (4, 6, 8 Fig. 3) . In preliminary experiments, we also have noted fluorescence resonance-energy transfer between some of these markers and ␤III spectrin, suggesting their very close association in vivo (M.C.S. and J.S.M., unpublished data). Thus, ␤III spectrin appears to be a Golgiassociated spectrin. However, its punctate pattern even when over the Golgi suggests that it may not simply form a homogeneous Golgi coat. ␤III spectrin's distribution also appears distinct from the distribution of ER markers such as Bip and calnexin, although in some areas the two are in close apposition (Fig. 3B) . The nature of the punctate cytosolic structures remains uncertain. The punctate distribution of ␤III spectrin extends throughout the cell, often in a curvilinear pattern (Fig.  3 ). Many spots, with an average diameter of about 300-350 nm (as determined from fluorescent images), appear too large to represent individual 50-nm transport vesicles (Fig. 3B) . These dimensions are approximately twice the length of an extended spectrin molecule, and up to five times the nominal diameter of small transport vesicles. Thus, it is interesting to speculate that the clusters of ␤III spectrin correspond to the vesiculotubular clusters of the intermediate compartment (31) , to larger and more tubular TGN-derived vesicles (32) , and to endolysosomes (9) , all structures in which a spectrin͞ankyrin-associated skeleton has been previously implicated (for review, see ref. 33) .
␤III Spectrin Codistributes with Golgi Membranes in Vitro. The distribution of ␤III spectrin with various rat-liver fractions was evaluated by floatation of homogenized rat-liver membranes in a discontinuous sucrose gradient (Fig. 4) . As in cultured cells, rat-liver ␤III spectrin migrated in SDS͞PAGE analysis as a Ϸ220-kDa band distinct from ␤II spectrin. In 
DISCUSSION
We have identified a ␤ spectrin whose cDNA sequence, chromosome location, and intracellular distribution distinguish it from any other known spectrin. Human ␤I and ␤II spectrins (SPTB and SPTBN1) map to chromosomes 14q23 and 2p21, respectively, and the corresponding mouse genes (Spnb1 and Spnb2) reside on chromosomes 12 and 11 (36) (37) (38) (39) . The present study places ␤III spectrin on human chromosome 11q13 (SPTBN2) and mouse chromosome 19 (Spnb3). Our mapping data show that human ␤III spectrin resides next to ␣-actinin 3, a member of the spectrin superfamily. Previous studies have shown that ␣-actinin 1 and ␤I spectrin are also closely linked (40) ; together, these findings suggest that ␣-actinin and ␤ spectrin share a common ancestral lineage, with each evolving separately after a gene duplication event.
A number of human diseases map to chromosome band 11q13, including type 1 Bardet-Biedl syndrome, vitelliform macular dystrophy (Best disease), and osteoporosispseudoglioma syndrome (http:͞͞www.ncbi.nlm.nih.gov͞ 4) and NRK cells (lanes 5 and 6) using PAb R-␤III7-11 (lanes 3-6) reveals an immunoreactive band of Ϸ220 kDa that is distinct from ␤II spectrin (lane 2, stained with PAb-10D) and that is not present in pre-immune antisera for PAb R-␤III7-11 (lane 1). The ␤III spectrin band was evident in both whole-cell lysates (lanes 1-3, 5) and in RIPA buffer extracts (lanes 4 and 6). Additional immunoreactive bands were inconsistently observed at Ϸ155 and Ϸ70 kDa. omim), but none seems likely to be caused by a spectrin defect. In the mouse genome, Spnb3 maps to the same position on mouse chromosome 19 as neuromuscular degeneration (nmd), an autosomal recessive disorder in the mouse that produces spinal motor neuron atrophy and progressive hind-limb weakness (41) . However, markers that map near SPTBN2 on human chromosome 11 map distal to nmd on fine maps of chromosome 19 (G. Cox, personal communication), suggesting that Spnb3 is not a candidate gene for the disease. Other nearby mouse mutations include dancer (Dc), muscle deficient (mdf ), osteosclerotic (oc), and osteochondrodystrophy (ocd); however, each of these maps to a position 6 cM more distal on chromosome 19 and is hence unlikely to be caused by a defect in ␤III spectrin.
Recently, isoforms of spectrin and ankyrin (a major adapter protein linking spectrin to membranes) have been identified on Golgi membranes (4-8, 10), on lysosomal membranes (9) , and on intracellular vesicles in cerebellar neurons (42) , as well as on the plasma membrane. Spectrin also has been shown to associate with centractin (ARP-1), a subunit of the dynactin complex (5, 11) which, in association with the microtubulebased motor cytoplasmic dynein, plays a major role in the anterograde transport of vesicles in the secretory pathway from the vesiculotubular compartment to the cis-Golgi (43, 44) . Disruption of the Golgi and vesicular spectrin skeleton also disrupts anterograde cargo transport at a point before the medial Golgi (5, 8) . A role for spectrin in post-Golgi transport of trafficking vesicles-lysosomes and endocytic vesiclespossibly in association with kinesin-based motors also has been proposed (33, 44, 45) . Even though accumulated data on Golgi and cytoplasmic spectrin is extensive, all of the existing work has been based on the crossreactivity of ␤I spectrin antibodies and on the ability of ␤I spectrin peptides to compete with the function of Golgi spectrin. For this reason, and because the precise nature of the Golgi-associated spectrin has remained elusive, these cytoplasmic spectrins have been termed ␤I⌺‫,ء‬ reflecting the ambiguity in their identification (reviewed in refs. 33 and 46) . The work presented here indicates that at least one Golgi-associated spectrin, the protein previously referred to as ␤I⌺‫ء‬ spectrin, is ␤III spectrin.
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